produces an increased electron injection from the source and a pronounced increase in the current drive as the drain voltage increases. On the other hand, the electric field intensity exhibits a sharp increase at the drain end of the gate for the HEMT with modified p-channel doping. Both electric field intensity and electron concentration at the source end for the HEMT with modified p-channel doping are much lower and less sensitive to the applied drain voltage compared with corresponding values for the HEMT's with both a modified n channel and an undoped channel. The low electron density and less spread in the electric field profile do not significantly increase the electron injection into the channel. As a result, drain current is less sensitive to applied drain voltage and output conductance is considerably reduced for the device with modified p-channel doping.
produces an increased electron injection from the source and a pronounced increase in the current drive as the drain voltage increases. On the other hand, the electric field intensity exhibits a sharp increase at the drain end of the gate for the HEMT with modified p-channel doping. Both electric field intensity and electron concentration at the source end for the HEMT with modified p-channel doping are much lower and less sensitive to the applied drain voltage compared with corresponding values for the HEMT's with both a modified n channel and an undoped channel. The low electron density and less spread in the electric field profile do not significantly increase the electron injection into the channel. As a result, drain current is less sensitive to applied drain voltage and output conductance is considerably reduced for the device with modified p-channel doping.
In summary, we have studied the effects of modified n-and p-channel doping on the device characteristics of 0.25 pm gate length Ino,,,Alo,18As/Ino53Gao.4,As/InP HEMT's. As gate voltage increases, the transconductance for the HEMT with modified p channel doping is comparable to that of the undoped channel HEMT and is much higher than that for the HEMT with modified n-channel. Simultaneously, devices with modified p channel doping exhibit reduced output conductance compared with those for the modified n channel and undoped channel counterparts. Ensemble Monte Carlo simulations reveal that enhanced carrier confinement and reduced spread in the channel field profile are the primary physical mechanisms for the experimentally-observed improvement of the HEMT with modified p-channel doping. 
Origin of the Difference Between the Capacitance
Intercept Voltage and the Built-In Potential
P. Van Mieghem
Abstract-For a diode with an abrupt, constant doping profile, the difference between the built-in potential Vhl and the capacitance intercept voltage V,,, is shown to he at least 2 ( k B T / 4 ) . The difference lies in the fact that 4 . V,,, reflects the potential energy of the equilibrium space charge in the diode whereas 4 . V,", is related to the work needed to create this space charge.
The built-in potential V,, of a pn-junction is a basic parameter appearing in many fundamental formulas that describe electrical phenomena in semiconductor devices [I] . Despite its important role it is not straightforward how to determine Vbi experimentally. A common technique is to extract the capacitance intercept voltage V,,, from a junction capacitance measurement C ( V ) . This is broadly considered a good measure for V,,,. Although the theory of the capacitance intercept voltage has a long history (see 121 for the references) a coherent physical understanding of both quantities has been lacking.
In this brief, we investigate the relation between Vb, and V,,,. The aim of the paper is basically of device physical interest although the determination of the doping concentration N and the bandgap Eh' from capacitance measurements may benefit from the presented physical interpretation. For mathematical simplicity, we restrict ourselves to abrupt junctions with constant doping profiles in one dimension. For these diodes V,,, is defined as the asymptotic voltage for which C~-*(V,,,) = 0. As there exists no voltage for which C -* ( V ) vanishes. Vi", is extrapolated from capacitance values from the reverse and low forward biased region. These expressions differ by an amount A = Vb, -V,,, = 2(kB T / 4 ) . The difference A has been attributed to the influence of free carriers in the Debye regions that compensate a fraction of the depleted ion charge. This results in a lowering of VI,, [l] . But, the space charge in the reverse biased voltage regime from which V,,, is extracted, is more depleted than the equilibrium space charge. Hence, we expect even more pronounced free carrier effects for vb,. for this difference. Intuitively. one is eager to conclude that both quantities should be the same and that V,,, is the only accurate (and simple) way to measure V,, (as is usually done as already mentioned above). Equation ( 2 ) for V,,, is exact under the assumptions of constant quasi-fermi levels over the diode and Boltzmann statistics. The former assumption has been justified in [ 2 ] for the applied voltage interval from which V,,, is obtained. This suggests that we focus on Vb, to derive a more accurate expression than (1).
In order to gain a deeper understanding, it is instructive to briefly review the physical meaning of vb,. The built-in potential Vb, arises from an electrostatic reaction to charge diffusion. Specifically, Vb, is the potential internally generated over the whole diode structure by an electric field E(x) that precisely balances the diffusion force in the case that no external fields are applied. This definition implies that V,, is the only electrostatic potential difference between the left and right diode contacts obeying the condition that the current through the diode is exactly zero. A straightforward derivation is then as follows. From the exact balances between electrical field and diffusion force,
we find by integration over the n-p diode structure (say from the left contact x = -L in the n-type region over the metallurgical junction at x = 0 to the right contact x = K in the p-type region)
(4)
Since at equilibrium (and only for Boltzmann statistics), we have
yielding kBT n ; n? n: n:
The last terms are at most of order n ; / N b + n ? / N ; << 1 and more than sufficient to justify (1). In addition their sign is such that A becomes even larger than 2 ( k~T / q ) .
In conclusion so far, within the assumption of Boltzmann statistics, we find that the classical expression of Vbi is accurate within a fraction much smaller than ' ' ' -a n . or in the assumption that the bandgap ER does not depend on doping concentration (and thus disregarding heavy doping effects),
( k B T / q ) .
A quite interesting observation is that we can rewrite (14) as
The interpretation of (16) is as follows. For a certain doping concentration n, a well-defined space charge is built up in the diode that generates a potential Vb,(n) over the diode. This state corresponds to a potential energy q . Vbi(n). The energy needed to increase the space charge at q . n by an amount q * dn, equals q .
dn. Vb,(n). Thus, from (16), we see that Vi,, is related to the total energy qNVi,,(N) needed to build up a space charge from 0 to the final concentration N . Equation (16) shows the essential difference between the built-in potential V,, and the capacitance intercept voltage Vi,, for a doping concentration N: qVb, represents the potential energy needed to add (or remove) an arbitrary small charge to (or from) the established space charge at doping concentration N while Vi,, is related to the work involved to create this space charge. Clearly, these two energies are in general not the same [4], hence Vi , , does not equal Vb,. In fact from (15), V,,, equals the built-in potential averaged over all carrier concentration up to N , ( Vb,(n)>N, which is always smaller than Vbi(N) = max, Vbi(n).
The way in which Vi,, is obtained, is consistent with the interpretation above. The capacitance intercept voltage is found from extrapolation of C -* ( V ) in reverse (or low forward) biased region.
For increasing negative applied voltages, an increasing space charge is built up. This information of the space charge built-up energy must be enclosed in Vi,,. More specific as suggested by its definition, Vint reflects the creation energy of the equilibrium space charge.
Finally Since R-'(y) = O(ln (y)), by choosing a = 0, a R-'(a) vanishes and R-'(a) tends to minus infinity. Applying (A5) with 3 , ( R -' ( a ) ) = 0 as a = 0, we obtain with b = N , A similar relation can written for the valence band. By adding these together we establish the equivalence between (9) and (13).
As an example, we consider a parabolic DOS and Fermi-Dirac statistics (A3) to obtain with that is equivalent to The Boltzmann counterpart follows from ACKNOWLEDGMENT We thank J. del Alamo, J. H. Smet and C. C. Eugster for useful discussions.
